INTRODUCTION
Transplantation of genetically modified autologous hematopoietic stem cells (HSCs) has become an approach with established therapeutic benefit for many inherited and acquired hematologic disorders of the blood and immune system. These include X-linked severe combined immunodeficiency (SCID-X1), 1 Wiskott-Aldrich syndrome (WAS), 2, 3 beta-thalassemia, 4 X-linked adrenaleukodystophy 5, 6 and metachromatic leukodystrophy. 7, 8 Clinical success with this modality relies on the transplantation of sufficient modified cells and, for the diseases cited, cells with permanent normal blood cell output capacity. The introduction of lentivirus (LV)-based gene transfer has proven a significant advance for meeting this requirement, given the increased propensity of LV vectors to infect quiescent cells and the relatively shorter culture period required for infection compared to gamma-retrovirus (gRV)-based methods. 9 Nevertheless, methods to transduce human HSCs with long-term in vivo repopulating activity (LT-HSCs) remain suboptimal and dependent on the use of high vector doses that are costly and accompanied by an increased risk of genotoxicity. 10 Coupling enhanced gene transfer to improved culture conditions to increase transduced LT-HSC recovery could also have a major impact on the efficacy and safety of gene therapy-based approaches by accelerating the reconstitution of transplanted patients.
Various small molecules targeting specific steps of the retroviral life cycle have been tested to improve the permissiveness of HSCs to lentiviral vectors. Rapamycin increased LV-mediated, but not gRV-mediated, transduction of human and mouse HSCs while preserving their engraftment potential by enhancing postbinding endocytic events via mammalian target of rapamycin (mTOR) inhibition. 11, 12 Cyclosporin A (CsA), at high concentrations, also increased LV-mediated transduction by a different mechanism, i.e., by relieving a viral capsid (CA)-dependent early block and by enhancing virus integration. 12 Proteosome inhibition by MG-132 was also reported to increase LV-mediated transduction of human and mouse HSCs and hematopoietic stem and progenitor cells (HSPCs) independently of the cyclophilin A-CA interaction. 13, 14 However, a drawback in the use of all of these strategies is their targeting of proteins that are broadly critical to cell survival. 15 The recent discovery of small molecules stimulating the expansion of HSPCs in vitro, such as SR1 16 and UM171, 17 or enhancing engraftment, such as PGE2, 18 raises the possibility of their application also to the clinical gene transfer setting. Combined addition of dmPGE2 and SR1 to human cord blood (CB) CD34 + cell cultures shown to increase the recovery of cells with in vivo repopulating potential following zinc-finger nuclease-mediated gene editing is one such example. 19 The demonstrated ability of the pyrimidoindole derivative, UM171, to stimulate a more-than-10-fold expansion of LTHSCs in short-term cultures 17 prompted us to examine its potential utility in the context of LV-mediated transduction of HSPCs.
Our findings provide evidence that short-term culture with UM171 significantly enhances HSPC transduction efficiency and yield. These newly defined properties of UM171 point to the potential advantageous application of this approach to future gene transfer protocols.
RESULTS

UM171 Enhances LV-Mediated Transduction of Primitive Human Hematopoietic Cells
In a first series of experiments, we sought to determine how UM171 would affect LV-mediated gene transfer. To address this question, 
CD34
+ CB cells were prestimulated for 16 hr with 100 ng/mL FLT3 ligand (FL), 100 ng/mL Steel Factor (SF), 20 ng/mL interleukin (IL)-3, IL-6, and granulocyte colony-stimulating factor (G-CSF) in a serum-free medium in the presence of UM171, the AhR antagonist SR1, or a combination of both (or neither) and then were transduced for 6 hr with green fluorescent protein (GFP)-containing lentiviral particles (MOI = 5) in the presence of the same compounds (Figure 1A) . Transduction efficiency was determined by flow cytometry after an additional 3-day culture period in the same cytokine-supplemented medium but without either UM171 or SR1. UM171 enhanced transduction efficiency by $2-fold compared to control conditions (62 ± 4% versus 37 ± 4%, p = 0.001; Figure 1B ). In contrast, the small molecule SR1, tested under the same conditions, did not have any effect on transduction efficiency, either alone or in combination with UM171 ( Figure 1B ). The ability of UM171 to stimulate gene transfer was dose dependent and reached plateau levels at 35 nM, as evidenced by a 2-fold increase in the proportion of GFP+ cells and as further supported by a 2-fold increase in the viral copy number (VCN) per cell assessed by qPCR ( Figure 1C ). UM171 also increased transduction efficiency over a broad range of virus concentrations (10 5 to 10 9 IU/mL, MOI = 0.5-5000), as shown by both measures of GFP+ cells ( Figure 1D ) and VCN ( Figure 1D ). Further highlighting UM171's stimulatory effect is the observation that transduction efficiencies equivalent to those of control could be achieved with a 50-fold reduction in virus concentration ( Figure 1D ). Importantly, similar magnitudes of UM171-enhanced gene transfer to the primitive CD45RA À subset of CD34 + CB cells were also observed over a wide range of viral titers, as shown by the increased frequency of marked cells with this phenotype ( Figure 1F ).
In addition to the enhanced gene transfer stimulated by UM171, significant increases were observed in the absolute yields of total and transduced CD34 + and CD34 + CD45RA À cells ( Figure 1G ). Figure 1G ).
In summary, these initial experiments demonstrated that prestimulation and transduction of HSPCs in the presence of UM171 allows for substantial and additive increases in the efficiency of lentiviral gene transfer and in the yield of transduced HPSCs subjected to a 22-hr transduction protocol.
UM171 Enhances LV-Mediated Transduction Efficiency of Functionally Defined Human HSCs
To assess the impact of UM171 on functionally defined HSCs, we used a competitive repopulation experimental design in which equal numbers of CD34 + CB cells were first transduced separately in the presence or absence of UM171 with matched GFPcontaining and yellow fluorescent protein (YFP)-containing LVs and then mixed in equal ratios and co-transplanted into recipient nonobese diabetic/severe combined immunodeficiency (NOD/SCID)- Figures 2H and 2J ). The reproducibility of these findings was documented in a second independent experiment that gave similar results (Figures S1A-S1C) and in a parallel experiment in which the vectors used for the experimental and control groups were exchanged (data not shown).
In summary, a 22-hr exposure of CD34 + CB cells to UM171 enhances LV-mediated transduction efficiency of human HSCs with longterm-repopulating potential and does not alter their normally changing ratio over time of B-lymphoid to granulopoietic cell outputs.
UM171 Induces Polyclonal LV-Mediated Transduction of Human HSPCs and Does Not Alter Their Chromosomal Integration Profile
We next examined whether the observed increased gene transfer to HSPCs was associated with an altered LV integration profile using modified genomic sequencing (MGS)-PCR 20 to compare the retrovirus integration sites (RISs) present in CB CD34 + cells transduced in the presence or absence of UM171. Cells transduced in the presence or absence of UM171 displayed the same high degree of clonal diversity but with nearly 3-fold more unique RISs (clones) being present in cells transduced in the presence of UM171, compared to cells transduced under control conditions (23,170 and 8,054 for UM171 and DMSO, respectively, Figure 3A) . Analysis of the genomic distribution of LV integration sites identified in both groups also revealed a mirror image of the histograms of site locations across the genome ( Figure 3B ), and the frequency of LV insertions within and proximal to cancer genes in particular was not altered by transduction of the cells in the presence of UM171 ( Figure 3C ).
Together, these results indicate that exposure of human CB HSPCs to UM171 during a 22-hr prestimulation and transduction protocol enhances polyclonal LV-mediated transduction without attendant alterations in the LV genomic integration profile. Thus, use of UM171 to enhance LV transduction appears unlikely to raise concerns of increased genotocixity.
UM171 Enhances Transduction of HSPCs Using a Spectrum of Viral Pseudotypes and Virus Types
To investigate the mechanism by which UM171 increases LV-mediated transduction of human HSPCs, we first determined whether receptor-mediated viral uptake was affected. To assess this possibility, we transduced CD34 + CB cells with identical LV-GFP-encoding vectors that were pseudotyped either with the vesicular stomatitis virus glycoprotein (VSV-G) envelope, 21 the amphotropic murine leukemia virus (MuLV) envelope, 22 or the feline endogenous retroviral RD114-TR envelope, 23 each of which targets a different known receptor. low-density lipoprotein (LDL) receptors (LDLRs) are the major entry port of VSV-G-pseudotyped lentiviral vectors 21 and are dramatically upregulated on HSPCs upon cytokine treatment 24 and well expressed on CB and mobilized peripheral blood (mPB) CD34 + cells ( Figure S2A ). The amphotropic MuLV receptor SCL20A2 22 and the SCL1A5 receptor for chimeric RD114-TR 23 are also expressed on human HSPCs (Figures S1C and S2B ). For all pseudotypes tested, UM171 enhanced transduction efficiencies to similar levels ( Figures 4A and 4B) , suggesting that the impact of UM171 on transduction does not occur at the level of receptor-mediated viral uptake by the cell. We next tested whether UM171-mediated enhanced transduction efficiency might be specific to LVs that can transduce nondividing cells due to their ability to transport proviral DNA through the nuclear pore complex (NPC). The avian sarcoma-leukosis alpha-retrovirus (a-RV) is of particular interest, because it has a neutral chromosomal integration pattern, 23 which is a significant safety feature for HSC-based gene therapy strategies. Accordingly, we first pseudotyped the a-RV and g-RV vectors with a VSV-G envelope to change their target cell spectrum to that dictated by VSV-G, and we then used these pseudotyped vectors to transduce CB HSPCs in the same short 22-hr protocol used for the LV transduction experiments. The presence of UM171 in this protocol with VSV-G pseudotyped RVs gave a significant increase in the transduction efficiency obtained with both the a-and g-retroviral vectors ( Figure 4C ).
We then tested whether UM171 could also enhance the efficiency of transduction obtained using nonintegrating viral vectors, such as integrase-defective LV (IDLV) 25 and adeno-associated virus (AAV) serotype 6 (AAV6). 26 In these experiments, UM171, again, produced a significant increase in transduction efficiencies of IDLV and AAV6 to CB HSPCs ( Figure 4D ).
UM171-Mediated Transduction Enhancement Extends to Adult Hematopoietic Cells
To determine whether the UM171 effect on gene transfer to CB HSPCs is dependent on their early developmental stage, we undertook additional experiments of the same design using CD34 + cells isolated from normal human adult BM and G-CSF-mobilized mPB cell samples. Preliminary data indicated that longer exposure to higher concentrations of virus is required for the transduction of HSPCs from human BM and mPB. Therefore, we prestimulated the adult cells for 24 hr with the same 5-growth factor-supplemented serumfree medium (SFM) as that used for the CB transduction experiments prior to transducing them for an additional 24 hr in the same growth factor-supplemented medium with an LV-GFP virus (10 7 IU/mL, MOI = 50), either with or without UM171 throughout the full 48 hr ( Figure 5A ). As observed for CD34 + CB cells, UM171 enhanced approximately 1.5-fold the transduction of both the CD34 + cells and the CD45RA
À subset of CD34 + cells from normal adult human BM and mPB harvests ( Figures 5B and 5C ).
Taken together, these results suggest that a simple ex vivo manipulation protocol, as short as 48 hr, can achieve substantial increases in LV gene transfer levels in human HSPCs from adult as well as CB sources.
DISCUSSION
Achieving efficient gene transfer to human HSPCs under culture conditions that preserve primitive HSCs is a prerequisite for clinical gene therapy applications. Previous studies identified the small molecule UM729 and its related derivative UM171 to be highly effective in promoting the in vitro expansion of primitive human CB HSCs, including those with long-term repopulation activity. 17 Here, we
show that very brief in vitro exposure to UM171 also enhances LV transduction of human LT-HSCs, as assessed both phenotypically and functionally in xenotransplant experiments. Another small molecule, PGE 2 , was shown to enhance transduction of human HSPCs by VSV-G-pseudotyped LV in 24-to 36-hr cultures; however, this compound was found to be effective only at saturating virus concentrations. 27 Other pharmacological agents, such as rapamycin and CsA, have also been reported to enhance transduction of human HSPCs; however, since these target proteins involved in cell survival, HSPC toxicity could be an issue.
11 UM171, on the other hand, preserves HSC activity and mediates its effects over a wide range of virus titers.
UM171 also enhances the repopulating potential of adult CD34 + CD38 -mPB cells 27 and, as shown here, likewise enhances gene transfer to the CD34 + and CD34 + CD45RA À cells from this source or adult BM. This could have an important impact on future gene therapy trials, since many of these use autologous HSPCs from adult BM or mPB and require greater yields of transduced HSCs to enable gene editing approaches to become feasible.
UM171-mediated enhanced LV transduction was observed for LVs pseudotyped with VSV-G, amphotropic MuLV, and feline endogenous retroviral RD114-TR envelopes. All of these envelope proteins mediate internalization via different entry pathways, suggesting that UM171 does not enhance gene transfer by altering the level of receptor-mediated viral uptake. UM171 also did not affect LDLR expression, even after 24 hr of UM171 treatment, when most of the viral entry has occurred (data not shown). UM171 has no mitogenic activity on human HSPCs, 17 but it may, however, alter cellular metabolism and promote mitosis, thereby facilitating reverse transcription and integration even with a-and g-retroviral vectors that lack the ability to transduce freshly isolated human HSPCs that are quiescent and variably enter S-phase over several more days. This contrasts with the more restricted ability of PGE 2 to enhance gene transfer to adult HSPCs by viruses bearing endocytosis-dependent viral envelopes. 28 In conclusion, our data support the idea that agents such as UM171's dual properties of enhancing transduction and stimulating ex vivo expansion of human HSPCs, may provide potential benefits for gene therapy and gene editing applications.
MATERIALS AND METHODS
Viral Vectors and Virus Production
The pCCl-c-MNDUSpgkGFP and pCCl-c-MNDUSpgkYFP lentiviral vector backbones used in these studies were described by Logan et al. 29 High-titer lentiviral vectors were produced as previously described by standard CaPO 4 -mediated transfection of 293T cells using either VSV-G, RD114/TR, or Ampho envelopes. a-and g-RV vector particles were produced as previously described. [30] [31] [32] The phCMV-RD114/TR plasmid-encoding RD114/TR envelope was provided by Francois-Loic Cosset, and the plasmid phCMVAmpho encoding the transgene of the amphotropic envelope was a gift from Miguel Sena-Esteves. Pseudotyped RV particles were concentrated by ultracentrifugation at 25,000 rpm and 4 C for 1.5 hr (VSV-G) or at 10,000 rpm and 4 C for 16 hr (when Ampho and RD114/TR envelopes were used). Aliquots of viral supernatants were titrated on HeLa or K562 cells and stored at À80 C. The concentrated supernatant of the integrase-defective lentiviral vector, CCLc-MND-GCP IDLV 25 was kindly provided by Donald B. Kohn (Department of Microbiology, Immunology, and Molecular Genetics and Department of Pediatrics, University of California, Los Angeles). AAV6 was kindly provided by Aravind Asokan (Gene Therapy Center, University of North Carolina at Chapel Hill). 26, 33 The a-RV and g-RV were kindly provided by Dr. Axel Schambach (Hannover Medical School, Hannover, Germany).
Transduction of Human Hematopoietic Cells
Umbilical CB and G-CSF mPB cells were collected with informed consent according to procedures approved by the research ethics board of the University of British Columbia. CD34 + cell-enriched adult BM cells were purchased from STEMCELL Technologies. CD34 + CB and mPB cells were enriched to >90% purity using, first, the RosetteSep CD34 preenrichment cocktail (STEMCELL Technologies), followed by positive selection using magnetic beads (EasySep Kit, STEMCELL Technologies). In some cases, additional enrichment was achieved by sorting CD34 + cells using an Influx II sorter (BD Biosciences tamax 500 (STEMCELL Technologies), penicillin and streptomycin plus 100 ng/mL FL, 100 ng/mL SF, 20 ng/mL IL-3, IL-6, and G-CSF (all from STEMCELL Technologies). Adult CD34 + BM and mPB cells were prestimulated for 24 hr in SFM supplemented with 100 ng/mL FL, 100 ng/mL SF, 100 ng/mL thrompopoietin (TPO), and 20 ng/mL IL-3. The cells were prestimulated in the presence or absence of in-house-prepared UM171 (35 nM), SR1 (0.75 mM; purchased from Alichem, catalog no. 41864), or DMSO (not exceeding 0.01%), as indicated. At the end of the prestimulation period, cells were resuspended in fresh growth factor-supplemented SFM with concentrated lentivirus (GFP or YFP) and 5 mg/mL protamine sulfate and incubated at 37 C for 6 hr for CB at virus concentrations ranging from 10 5 to 10 9 IU/mL, and for 24 hr for adult BM and mPB at a virus concentration of 10 7 IU/mL (MOI = 50), and placed in a 96-well plate coated with 5 mg/cm 2 fibronectin (Sigma-Aldrich). In experiments using different viral vectors and pseudotypes, CD34 + CB cells were always transduced at virus concentrations of 10 6 IU/mL (MOI = 5). A negative control was set on non-transplanted mouse BM. In some cases, we utilized a fluorescence-minus-one (FMO) gating strategy to overcome the ambiguity created by artifacts that could be introduced by simultaneously compensating different fluorochromes.
LV Copy Number Determination
Human CB CD34+ cells (20,000 cells) were transduced in the presence or absence of UM171. After transduction, cells were washed and cultured for 10 days prior to extraction of genomic DNA using DNAzol Reagent (Invitrogen). Mean vector copy numbers were determined by multiplex TaqMan qPCR on an ABI 7900HT (Applied Biosystems), as previously described, 34 with minor modifications. Integrated vectors were quantified by amplification of their GFP or YFP transgene using either primer pair GFP_FW (5 0 -GTA GCG GCT GAA GCA CTG-3 0 ) and GFP_RV (5 0 -CTG CAC CAC CGG CAA-3 0 ) in combination with a GFP probe (/56-FAM/CC ACC CTG A/Zen/C CTA CGG CGT G/3IABkFQ/) or primer pair GFP/ YFP2_FW (5 0 -GAA CCG CAT CGA GCT GAA-3 0 ) and GFP/ YFP2_RV (5 0 -TGC TTG TCG GCC ATG ATA TAG-3 0 ) in combination with a GFP/YFP2 probe (/56-FAM/ATCGACTTC/ZEN/ AAGGAGGACGGCAAC/3IABkF). Values were normalized for input DNA by amplification of the PTBP2 reference gene using PTBP2_FW (5 0 -TCT CCA TTC CCT ATG TTC ATG C-3 0 ) and PTBP2_RV (5 0 -GTT CCC GCA GAA TGG TGA GGT G-3 0 ) primers and a PTBP2 probe (/5TET/AT GTT CCT C/Zen/G GAC CAA CTT G/3IABkFQ/). PCR efficiencies were determined by serial dilutions of a plasmid harboring GFP and PTBP2 target sequences and subsequent calculation of mean vector copy numbers according to Pfaffl. 35 Lentivirus Integration Site Analysis by MGS-PCR Genomic DNA (gDNA) was extracted from CB cells using the QIAGEN Blood DNA Mini Kit (QIAGEN). Lentivirus LTR-genome junctions were amplified by modified MGS-PCR, as described previously. 20 The resulting sequence libraries were subjected to Ion Torrent semiconductor sequencing, and the resulting sequence reads were analyzed using the Vector Integration Site Analysis (VISA) server. 36 Genomic sequences were mapped to the human genome (hg19) using a stand-alone version of BLAT available from the UCSC (University of California, Santa Cruz) Genome Browser. The total number of sequences corresponding to a mappable integration event was recorded. Sequences corresponding to the same integration locus were grouped together to determine the total number of unique integration sites (clones) identified in the sample. Relative contributions of each clone were determined by the number of insertion site (IS)-associated sequence reads corresponding to that clone. A quality control check was performed to reveal clones over-represented by PCR bias by comparing the number of IS-associated sequence reads with the number of different fragment lengths observed for each genomic locus. Circos was used to visualize global genomic integration patterns for aesthetic comparison. 37 For statistical analysis of integrations within genomic elements, we used QuickMap. 38 
Statistical Analysis
Results are shown as mean ± SEM or SD. Differences between groups were assessed using the Student's t test (paired or unpaired as appropriate) directly calculated on Prism GraphPad. Statistical significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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